Influence of bubbles on scattering of light in the ocean

Xiaodong Zhang, Marlon Lewis, and Bruce Johnson

The scattering and backscattering properties of bubble populations in the upper ocean are estimated with
Mie theory and a generalized bubble size spectrum based on in situ observations. Optical properties of
both clean bubbles and bubbles coated with an organic film are analyzed; the results are compared with
the corresponding optical properties of micro-organisms of similar size. Given a bubble number density
(from ~10° to ~107 m™3) frequently found at sea, the bubble populations significantly influence the
scattering process in the ocean, especially in oligotrophic waters. Bubbles appear to make a large
contribution to the missing terms in constructing the observed total backscattering coefficient of the
ocean. This contribution to backscattering is strongly enhanced if the bubbles are coated with organic
film. The injection of bubbles will shift ocean color toward the green, resembling phytoplankton blooms,
and hence introducing error in ocean color remote sensing if its effect is not corrected. © 1998 Optical
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1. Introduction

Satellite observations of the color of the ocean’s sur-
face, as exemplified by the Coastal Zone Color Scan-
ner, the Ocean Color and Temperature Sensor, and
the Sea-Viewing Wide Field-of-View Sensor (Sea-
WiFS), have transformed perceptions of biological
variability in the sea and have established the feasi-
bility of using remote sensing for estimation of ma-
rine primary productivity and biogeochemical fluxes
over large areas synoptically and over long time
periods.’-3 For this approach to be successful, accu-
rate interpretations of the biological and physical
processes responsible for variations in the color of the
ocean are crucial.

Applications of ocean color remote sensing depend
on the spectral variation in the diffuse reflectance of
the surface ocean, R(\), which is in turn related to the
ratio of the backscattering coefficient b,(\) (m™?) to
the absorption coefficient a(\) (m~1),45

R(N) = f16,(N)/a(V)], (D

where f is a parameter that depends on the illumi-
nation conditions (e.g., solar zenith angle and cloud
cover) as well as the water optical properties (e.g.,
single-scattering albedo and ratio of molecular back-
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scattering to that caused by particles).6-8 For case 1
waters,> several semianalytical models have been es-
tablished to relate absorption and backscattering co-
efficients to the desired chlorophyll concentration
[Chl].9:10  Although variations in the absorption co-
efficient that are primarily due to variation of pig-
ment concentration’12 modify the underwater light
field, it is backscattering, ultimately, that determines
how much light is reflected by the ocean and then
observed by satellite.

For scattering and backscattering, however, there
is large variance (50-200%) about the empirical re-
lationships between these coefficients and pigment
concentration.6-210 Theoretical calculations and
laboratory observations!3:14 have found that living
algae have a negligible influence on the backscatter-
ing process by oceanic waters. Moreover, recent the-
oretical and laboratory studies on the optical
properties of both phototrophic and heterotrophic
plankton have indicated that, whereas micro-
organisms, particularly phytoplankton and hetero-
trophic bacteria, could account for most of the total
scattering in clear waters, they contribute only a
small fraction of the observed backscattering.15-17
These studies postulated that unidentified submi-
crometer particles (~0.1 pm) with low (n < 1.03), but
also possibly high, refractive index might be required
to explain the large portion of the total particulate
backscattering that is unaccounted for by micro-
organisms, a conjecture that was previously sug-
gested by Brown and Gordon!8:1° who tried but failed
to use Mie theory to predict the observed volume
scattering function of particles in the Sargasso Sea.
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Table 1. Bubble Experiments and Their Statistical and Optical Characteristics
Wind
Num- Refer- Speed . Tmin/ r )
ber ence Date Method Region (ms™') N, (m® PDF* r,—r,% Slope’ (um) 5 (nm?) b(m ™Y by(m 1)
1 26  February Acoustic Mocntlef?ey Bay, 0 9.1 x 10* DII 18 2-4 275 2.83x10° 516 x10°* 599 X 10°¢
alif.
2 28  June Photograph North Atlantic 11-13 4x10* DI 60-70 35 79 2.4 X 10* 1.92x 1072 223 X 107°
3 27  June Acoustic Monterey Bay, 0 1x 10 DII 22 2-4 33 457x10° 9.14x10°% 1.06 X 10°*
Calif.
4 20  April Photograph St. Margaret’s 11-13 4.8 X 100 DI 40-50 45 52 1.1x10* 1.05x 1072 122x10°*
Bay, Nova
Scotia
5 52 October Acoustic Monterey Bay, 11 4x10° DI 40-50 4 52 1.1x10* 880x 102 1.02x10°*
Calif.
6 39 August Photograph Tasman Sea, 14 6.59 X 10° DI 68-85 3-6 110 4.57x10* 6.02x 102 698 x10°*
N.Z.
7 22  August Holograph Santa Catalina 0 213x10" DII 10 4 15  9.14 X 10> 3.89 X 1072 451 x10°*
Island, Calif.
8 21 — Acoustic Open ocean 12-15 1.4 x10° DII 30 2-4 56 1.39x10* 395X 1072 4.62x10°*

“PDF, probability density function. DI is peaked distribution, DII is unpeaked distribution.
®For PDF = DI, it gives the peak position r,, and r, [Eq. (4)], for PDF = DII, it gives the minimum radius r, (m) [Eq. (5)].
‘For PDF = DI, it gives the slope of the log—log function of number density versus size for r > r,.

9Estimated based on clean bubbles.

However, the submicrometer particles with either
low or high refractive index have not been physically
or chemically characterized, nor have their optical
properties been determined; the missing terms in the
backscattering process remain enigmatic.

Here we hypothesize that backscattering by air
bubbles in the ocean, which can often be found
present in abundance,20-2! even in quiescent seas,22
can in large part account for these missing terms.

Air bubbles in the ocean are generated mainly by
injection of air by breaking waves.23 These bubbles
play important roles in gas transport between atmo-
sphere and the ocean,24-25 underwater sound interfer-
ence through scattering and absorption,2627 and
formation of marine sea-salt aerosols.28-30 Bubbles
also influence the light propagation in water where
they are present. Marston and co-workers exam-
ined the light scattering near the critical angle
(82.8°), Brewster angle (106.2°), and glory (180°) for a
single bubble.31-36  The bulk optical properties, such
as scattering and backscattering coefficients of a bub-
ble population, which might be quite different from
those of a single bubble, however, have not been stud-
ied extensively.

Pioneering research on the bulk optical properties of
bubbles in the ocean was carried out by Stramski,3?
who studied the light-scattering capability of clean
bubble populations with a size distribution following
the —4th power law for radii between 10 and 150 pm.
He found that this class of bubbles can contribute as
high as approximately 10% to the scattering and back-
scattering coefficients of seawater. He used the bub-
ble size distribution measured by O’'Hern et al.22 using
a holographic method. This bubble size distribution
assumes that the bubble number decreases as size
increases according to the —4th power law, agreeing
with the acoustical observation in general shape.
However, many in situ measurements20-38-40 have ob-
served bubble size distributions with a plateau located
somewhere between 40 and 80 pm (Table 1, column 9).
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Although it has been argued that these peaked distri-
butions are an artifact of the optical methods used,2!
there is still uncertainty in the reasons for differences
between optical and acoustical results. The light
scattering that is due to bubble populations with such
a size distribution vary from the situation analyzed by
Stramski. Furthermore, Stramski considered only
clean bubbles; in nature, bubbles acquire organic films
quickly after their formation in the sea.2* These or-
ganic films are composed mainly of protein or lipid,*
whose mean relative refractive indices (m = 1.20 for
protein and m = 1.10 for lipid) are quite different from
that of air bubbles (m = 0.75), and thus it is expected
that the coated bubbles would scatter somewhat dif-
ferently from clean bubbles.

To address our hypothesis that we raise in this
paper, we adopt an approach similar to that used by
Stramski.3” However, we use a generalized bubble
size distribution based on all the available in situ
bubble measurements in the ocean. Then we focus
on the effect of organic film adsorbed onto the bubble
surface on the optical properties of bubble popula-
tions. Finally, the influence of the presence of bub-
bles on the remote sensing of ocean color is evaluated.

2. Background and Bases

The bulk optical properties of the bubble population
are calculated as

j= f " Q(ymrtn(rdr, )

T'min

where j denotes either b (m ™) (total scattering coef-
ficient) or b, (m ') (backscattering coefficient). Cor-
respondingly, @; is the dimensionless efficiency
factor, calculated with Mie theory,*243 for single-
bubble scattering and backscattering. The n(r)
(m~? pm 1) is the bubble size distribution, represent-

ing the bubble number per unit volume per unit ra-



dius interval at radius r. The r,;, and r,,,, denote
the minimum and maximum radius of the bubble
population. In our calculations, the r, ,, is set to be
300 pm, which roughly corresponds to the maximum
radius found in most field experiments. The r;, of
the bubble population in the sea that has been ob-
served so far is 10 pm by use of holographic tech-
niques.22 An even smaller radius (~3 pm) for stable
bubbles was suggested by the results of Johnson and
Cooke.** The study by Yount et al.4> found stabi-
lized bubbles in both distilled water and gelatin of
radius of the order of 1 um or less. Finally the gas
cavitation nuclei has an estimated radius of ~0.1
pm.#6  In our calculations, the r;, is set to be 0.01
.
The bubble size distribution n(r) at radius r can be
expressed as

min

n(r) = Nop(r) (m™® pm™), (3)

proportional to where N, (m?) is the total bubble
number density in a unit volume of water and p(r)
(um 1) is the bubble probability density function
(PDF) at radius r. From Egs. (2) and (3), it is clear
that bubble optical properties are directly propor-
tional to bubble number density. For bubbles gen-
erated by breaking waves, both theoretical
analyses?748 and field experiments*® suggest that N,
depends on wind speed through an empirical power
law,i.e., Ny = U;(*. The exponent o ranges from 3.0
to 4.7 when U, is given in meters per second. On
the other hand, a background bubble population5°
can also be found in calm seas.222?” These bubbles
are believed to be possibly of biological origin2é or
from decay of wind-generated bubble patches.5?® The
N, observed in situ is listed in Table 1 along with the
experimental conditions. The N, ranges from 4 X
10* to 2 X 107 (m~®). Despite the intrinsic limita-
tions of various methods used to observe bubbles,5! in
the following study the bubble number density N, is
assumed to vary from 10* to 10® (m ) to represent
the full-range of bubble populations found in the sea,
without regard to the specific generating mechanism.

Once bubble clouds are formed, the bubbles evolve
by such processes as dissolution, rise, and gas expan-
sion, all of which are a function of bubble size.
Therefore these processes regulate the bubble PDF
with respect to size. The in situ observations sup-
port, in general, two types of bubble density functions
(Table 1, column 8). One has a plateau with the
bubble concentration dropping off rapidly on both
sides of the plateau (denoted here as DI). The other
exhibits a monotonic increase as the bubble radius
decreases (DII). The bubble size distributions ob-
tained by optical methods and simulated by numer-
ical models seem to support DI; however, the peak
positions are different in different observations.
DII, on the other hand, agrees with most acoustical
observations. The common features between DI and
DII is that both admit a power-law decrease of bubble
number density with increasing radius (larger than
peak for DI), with the mean exponent being —4.30,39.49
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Fig. 1. Schematic plot of two representative bubble size distribu-
tions frequently found in the ocean. The figure is plotted such
that the two distributions have the same mean radius of 50 pm.
For the DI (dashed curve), the plateau is located between 30 and 50
pm, and for the DII (solid curve) the minimum radius is approxi-
mately 34 pm.

Crawford and Farmer?2 and Wu*® gave two, simi-
lar, expressions to describe the DI bubble size spec-
trum on the basis of Johnson and Cooke’s in situ
observations.2° Based on their results, here we give
a more generalized bubble PDF for DI, the particular
form of which depends on the peak position:

ey rt 0O=r<r,
p(r) =cy ry=r<ry, (4)
03r74 r,=r

where r, and r, are the radii of bubbles that define
the limits of the plateau and c;, ¢y, and c5 are
uniquely determined by r, and r,.

The bubble size distributions of the DII type are
proportional, on the average, to r~* over the entire
range. It is obvious that this relationship cannot be
extended to zero radius; this would imply an infinite
volume of gas inside the bubbles. The radius corre-
sponding to the maximum bubble density is not
known. For the DII density function, the general-
ized form is

Y or=r, (5)

pr)=cr”
where r is the minimum radius for DII distribution
and c depends onlyonr,. Note that the r,hereisthe
minimum radius for DII distribution only. It is a
variable in the following analysis, whereas r,,;,, of Eq.
(2) is a constant, defining the smallest radius down to
which the Mie calculation and bubble size distribu-
tion extend. In case ry, > r,,;,, the p(r) of Eq. (5) is
set to be O for r;, <r <r, Figure 1is a schematic
plot of DI and DII with the same mean radius at 50
pam.
In the bubble size spectra we have used, a mean
exponent —4 [p(r) ~ r~*, Egs. (4) and (5)] is adopted.
It was found that a higher exponent, i.e., —3 or —2,
might be associated with the biologically generated
bubbles.?”?® In reference to Eq. (2), it is straight-
forward to show that for £ =< 3, where p(r) ~ r ¢, the
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integral of Eq. (2) would be In(r) if ¢ = 3 or rif £ = 2,
the values of which depend on r,,. (because @ is
almost constant for large size bubbles). In other
words, the optical properties of bubbles of biological
origin would be largely determined by large bubbles.
Because these bubbles of biological origin are usually
thought to be present in low number density, their
influence is likely to be small, except in coastal envi-
ronments or in bloom conditions.

3. Results and Discussions

A. Optical Efficiencies for Single Bubble

As stated above, natural bubbles are always coated
with organic materials and adsorbed particles. Here
we expand the analysis of Stramski37 to consider dirty
bubbles coated with a surface-active monolayer. Un-
like the particles that may adsorb onto bubbles,5 pho-
tographs show that bubbles with adsorbed monolayers
remain spherical.# However, the composition and
thickness of coatings are not clearly known. Fox and
Herzfeld55 suggested that protein might be the source
of the monolayer coating the bubble. Yount*¢ sug-
gested both protein and lipid as components of the film.
Therefore in this study we use both. The thickness of
such coatings for bubbles in seawater has been esti-
mated to range from 0.01 pm for lipids such as fatty
esters, fatty acids, and fatty alcohols, to 1 wm for pro-
teinaceous molecules such as glycoproteins and proteo-
glycans.#!  For the bubble cavitation nuclei in gelatin,
the thickness of this layer is within 5-50 A.46 A single
layer of monomolecular film of constant thickness is
assumed here regardless of bubble radius. This as-
sumption might not be realistic, but it represents a
compromise situation for the dirty bubble. The large
bubbles are only partly coated by organic film,2¢ and
only as the bubbles contract and become small enough
can this film then form a complete skin55; on the other
hand, as bubbles age, the film thickness grows and the
absorbed film can turn into a multilayered system.4!

Figure 2 shows the variation of (a) scattering and
(b) backscattering efficiency with bubble size (A = 550
nm) and as a function of film thickness for bubbles
coated with a protein monolayer (refractive index
1.2). The thickness of the film was assumed to vary
from O (clean bubbles) to 1 pm. A common feature
for coated bubbles is that both scattering and back-
scattering efficiencies first decrease to a minimum
(the thinner the film, the sharper the decrease), then
increase reaching a global maximum, and after that
it oscillates toward asymptotic values as bubble sizes
become large relative to wavelength. This is in con-
trast to clean bubbles, whose scattering function of
size reaches a maximum first.

For bubbles sizes larger than 10 pm (A = 550 nm),
the variations in total scattering efficiency that are due
to coatings become small (<10%), and there is little
difference between clean and dirty bubbles. For the
backscattering efficiency, however, the situation is
quite different [Fig. 2(b)]. Organic film coatings en-
hance the backscattering efficiency after the first max-
imum, and the enhancement depends directly on the
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Fig. 2. Variations of (a) scattering and (b) backscattering effi-
ciency with bubble size and as a function of thickness of a protein
film. To identify the variations for both small and large sizes, the
same data set is plotted in logarithmic scale (left) and linear scale
(right). The efficiencies for bubbles with a film of various thick-
nesses are indicated by the thickness (in micrometers), whereas
clean denotes the efficiency for clean bubbles and protein refers to
a homogeneous protein sphere of the same size as bubbles.

thickness of the coated films. There is no significant
variation in backscattering for film thickness of <0.01
pm; however, it increases four fold as the film further
thickens to 0.1 wum. An exception is for bubbles with
a much thicker film (~1 pm), which after the first
maximum the efficiency decreases as bubble size in-
creases (>10 pm), reaching a value even smaller than
that for bubbles with 0.1-pm film. It resembles the
backscattering efficiency distribution for protein
sphere (presumably a spherical protein of the same
size as bubbles) in shape, but with a somewhat higher
magnitude. Further increasing the film thickness
(up to 5 wm as we tested, and the result is not shown)
does not change the pattern of backscattering much
from that for a film of 1-pum thickness.

It is clear from Figs. 2(a) and 2(b) that organic films
coated on bubble surfaces significantly enhance the
bubble backscattering but change the total scattering
by only a small amount when the bubble size is >1 pm.
This is consistent with the study of Meyer36 who found
that the membrane of biological cells strongly influ-
ences the backscattering of radiation but does not sig-
nificantly affect the forward scattering.

B. Mean Optical Efficiencies of Bubble Population

In principle, the bulk optical properties of bubble pop-
ulations can now be estimated with Eq. (1) by using the
generalized bubble size distributions (DI and DII) and
the single-bubble efficiency factors computed above.



However, a more simplified case for bubble popula-
tions can be expected by transforming Eq. (2) into

J=No@;5, ©6)
where
frmax Q,(Np(rmrdr
aj — rminr , (7)
J. p(r)mridr
5= frmaxp(r)ﬂr2dr. (8)

Tmin

@, and 5 are, respectively, the mean optical efficiency
factors and the mean geometric cross-sectional areas
of the bubble population. By use of Eq. (6), the in-
fluence of the bubble size distribution [or PDF, Eq.
(2)] on bubble bulk optical properties was divided into
two parts: the mean optical properties (efficiency
factors) and the mean geometric property (mean ar-
ea). Another advantage of doing so is that the mean
optical properties of a population or culture are ex-
perimentally accessible, facilitating direct compari-
son with observations.

1. Clean Bubbles

Figure 3 shows (a) the mean scattering and (b) the
backscattering efficiency factors for the DI (solid
curves) and DII (dashed curves) bubble distributions
as a function of mean radius 7 = [7= rp(r)dr for A =
550 nm. For comparison, the respective efficiency
factors for single bubbles are also displayed as a dot-
ted curve in Figs. 3(a) and 3(b). Because the DI
distribution is determined by both r, and r, [Eq. (4)],
the mean efficiency factors are plotted for various r,
and r,, pairs (r, = 0, 20, 40, 60, 80, and 100% of r}).
The fluctuation of efficiency factors seen in the single-
bubble case has been largely damped out by the bub-
ble population average. Only the first maximum
and first minimum remain discernible, however with
diminished amplitude.

It is interesting to note that for both scattering and
backscattering efficiency factors, DII is not signifi-
cantly different from the DI distribution with r, = r,,
for a given mean radius. There are no systematic
differences among various DI and between DI and
DII distributions in forming the mean optical effi-
ciency factors. This is because (1) the bubble size
range is large so that the variations found in optical
efficiency factors for single bubbles have been largely
averaged out; and (2) for large bubbles [ > 1 wm,
Figs. 2(a) and 2(b)], the scattering and backscattering
efficiencies are stable, whereas the contribution of
small bubbles rapidly decreases as the radius de-
creases (Q, ~ r*if r << \). It is therefore expected
from Fig. 3 that the error might be small when one
uses a single distribution to approximate the others
in calculating the mean optical efficiency factors.
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Fig. 3. (a) Mean scattering and (b) backscattering efficiencies of

clean bubbles as a function of mean bubble radius for DI and DII
bubble size distributions. DI (solid curves) from left to right cor-
respond to r, = 0, 0.2, 0.4, 0.6, 0.8, 1.0 r,. Also shown as dotted
curves are the efficiency factors of single clean bubbles for refer-
ence.

The errors that occur for tiny bubbles (¥ < 0.1 pm)
and for wide peaks (r, < 40% of r,) are less than 30%.
There is virtually no error when 7 > 4 pm. For the
bubble populations observed in situ either by optical
or acoustical methods, the mean radius is above 10
pm (Table 1, column 11), and therefore the mean
scattering efficiency of these bubbles will depend only
on the mean bubble radius, no matter what form the
size distribution of the bubbles takes. The mean
backscattering efficiency for clean bubbles calculated
with this generalized bubble size distribution for r >
1 pm is ~0.02.

2. Dirty Bubbles

The influence of organic coatings on the mean scatter-
ing is shown in Fig. 4(a) and Fig. 4(b) shows backscat-
tering efficiencies of bubble populations represented by
DII with r, = 60% of r,. The mean total scattering
efficiency [Fig. 4(a)], compared with that of clean bub-
bles, decreases as proteinaceous film thickness in-
creases from 0.001 to 0.05 pm by as much as 25%, then
it reverses and increases as the film becomes thicker.
Only when the thickness of film reaches approximately
1 pm does the mean total scattering efficiency for dirty
bubbles exceed that for clean bubbles by more than
10%. The mean total scattering is not affected with
thickness <0.01 pum. Relatively large variations oc-
cur for thicker films. Despite variations in film thick-
ness of 3 orders of magnitude (0.001 ~ 1 um), there is
little change in the mean total scattering when bubble
size exceeds 10 pm.

Contrary to the total scattering, the mean back-
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Fig. 4. (a) Mean scattering and (b) backscattering efficiencies of
coated bubbles as a function of mean bubble radius and film thick-
ness. From top to bottom, the scattering efficiencies for various
coatings are indicated by the legend in the same order. For back-
scattering, the curves corresponding to various film thickness or
composition are indicated individually.

scattering experiences a variation of a factor of 5 in
the presence of proteinaceous organic film. Except
for bubbles coated with a 1-pm-thick film, the mean
backscattering efficiency increases as film thickens (7
> 0.2 pm), with an enhancement of approximately
10% for 0.01-pm film to over four fold for 0.1-pm film.

The effects of different compositions of organic
films are also shown in Figs. 4(a) and 4(b), where the
mean scattering and backscattering efficiency factors
for lipid film (index = 1.1) of thickness 0.1 pm are
plotted by dashed curves. In general, the lipid film
of the same thickness lowers both scattering and
backscattering relative to the protein coatings. The
reduction is more significant for backscattering than
for scattering. With a lipid film of 0.1-pm thickness,
scattering diminishes only 10%, whereas backscat-
tering decreases by half in comparison with the pro-
tein coat.

It should be noted that in the above analysis, a
constant layer thickness is applied regardless of the
bubble size. Considering that the larger bubbles are
only partially coated and that the coating of aged
bubbles may be multilayered, the real situation in the
ocean might be more complicated. Nevertheless, it
is clear that coatings significantly increase the back-
scattering of bubble populations, especially for bub-
bles with a mean size of approximately 1-100 pm, the
dominant sizes observed in the ocean (Table 1), even
though the coating does not appear to have a strong
influence on the total scattering of bubbles.

3. Effect of Film Absorption

There is only a small amount of data on the absorp-
tion properties of films coated onto the bubble sur-
face. Here we estimate the imaginary part of the

6530 APPLIED OPTICS / Vol. 37, No. 27 / 20 September 1998

2.00

Mean Qp

0.00
0.01 0.10 1.00 10.00 100.00

Mean radius (um)

000 Civmd v vvned v o
0.01 0.10 1.00 1000 100.00

Mean radius (um)

Fig. 5. Variations of (a) mean scattering and (b) backscattering
efficiencies of coated bubbles with mean bubble radius as a func-
tion of thickness and imaginary index of the films. The solid
curves are for clean bubbles, dashed curves for coated bubbles with
0.1-pm-thick film and dotted curves for 1-pm-thick film. Within
a group, the curves from top to bottom represent efficiencies for
bubbles with films without absorption, of imaginary index of 0.001,
and of imaginary index of 0.006, respectively.

refractive index to be 0.001 and 0.006. The former is
near the mean imaginary index of phytoplankton
cells, whereas the latter is probably the maximum
value for chlorophyll in the red absorption band.57
Shown in Fig. 5 are the (a) mean scattering and (b)
backscattering efficiency for bubbles coated with ab-
sorbing protein film. As expected, the absorption of
organic film reduces both the total scattering and the
backscattering, with the magnitude proportional to
both thickness and the imaginary index of the film.
Furthermore, the absorption also depends on the to-
tal bubble size, even though only the film has an
absorbing property. However, only when the bubble
sizes reach approximately 100 pm, and with an ex-
tremely high absorption coefficient (imaginary in-
dex = 0.006), does absorption significantly reduce the
scattering and backscattering from the case with no
absorption. It should be kept in mind that the imag-
inary index 0.006 tested here is the maximum value
for the highly absorbing and colored substance chlo-
rophyll.57” For organic films with an imaginary in-
dex of 0.001, the reduced scattering and
backscattering are at most 5%. Thus it is safe to say
that the normally absorbing organic films exert a
small influence on the backscattering of bubbles.

4. Comparison with Plankton

We can now compare the mean optical efficiency fac-
tors of bubble populations with those of autotrophic
and heterotrophic plankton,15.16.:58 ag listed in Table
2. The data for mean scattering and backscattering
efficiencies are taken from Figs. 4(a) and 4(b) (* > 1



Table 2. Mean Optical Efficiency Factors of Bubbles and Autotropic
and Heterotrophic Plankton

d pm Q, @y, X 10° b, x 10°

Bubbles (1-300 pm) 1.5-2.2 22-82 11-200

Viruses'¢ (30-150 nm) 0.072 5.16 X 10°*  0.21 410

Bacterials16 0.55 0.10 1.00 10.0
(0.1-1.5 pm)

Prochlorophytes!é 0.8 0.22 1.40 6.36
(0.6-0.8 pm)

Cyanobacterial6 0.8 0.61 1.39 2.28
(0.5-3.0 pm)

Ultrananoplankton!6 1.3 2.24 1.06 0.47
(2-8 um)

Flagellates!s (2-6 pm) 4.2 2.0 0.6 0.30

Ciliates!5 (8—20 pm) 13.5 2.0 11 0.55

Larger nanoplankton6 11.1 1.79 1.97 1.10
(8-20 pm)

Microplankton16 32.0 141 3.42 2.43
(20-200 pm)

b, (backscattering ratio) = @,,/@,

pm), i.e., bubbles are assumed to be coated by an
organic monolayer consisting of nonabsorbing protein
or lipid. The mean scattering efficiency factor of
bubbles (1.5-2.2) is comparable to those of nano-
plankton (2—20 wm) and microplankton (20—200 pm).
However, for the backscattering efficiency, ranging
from 0.02 for clean bubbles to as high as 0.08 for
bubbles with 0.1-pum-thick protein film, bubbles are
at least 1 order of magnitude more efficient in back-
scattering than planktonic organisms, indicating the
potential role of bubbles in regulating the ocean back-
scattering coefficient. It is due to their small size
that the viruses and bacteria have the highest back-
scattering ratio (defined as the ratio of backscattering
to total scattering) among autotrophic and heterotro-
phic plankton,*3 whereas the higher ratio for bubbles
is by virtue of their refringent characteristics (m =
0.75).

C. Bulk Optical Properties of Bubble Populations

The bulk optical properties of natural bubble popu-
lations are calculated with the DI distribution with r,
= 60%r, as a function of  for various bubble number
densities (Fig. 6). For comparison, the total partic-
ulate scattering [Fig. 6(a)] and backscattering [Fig.
6(b)] coefficients are estimated as a function of pig-
ment concentration through commonly used empiri-
cal relationships (e.g., Refs. 6, 16, 59):

b(\) = ? (0.30 = 0.15)[Ch1]*®* — b,(\),  (9)

b,(\) = b()\)[z X 107%+2x 1072

X (0.5 — 0.25 log;,([Chl]) 5)\50” , (10

and are plotted (dotted line) for [Chl] = 0.03 mg m 3
and (dashed line) [Chl] = 1 mgm 3. Also shown are

1 e —
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Fig. 6. (a) Scattering and (b) backscattering coefficients (solid

lines) for clean bubble populations, represented by the generalized
size distribution, as a function of mean bubble radius (in microme-
ters) (\ = 550 nm) for various bubble number densities. Also
shown in numbers are the corresponding coefficients estimated
with in situ observations (Table 1, column 1) based on the clean
bubbles case. The two dashed lines are the upper and lower
boundaries of coefficients calculated with Eq. (9) for Fig. 6(a) and
Eq. (10) for Fig. 6(b) for [Chl] = 1 mg m~2. The two dotted lines
are for [Chl] = 0.03 mg m 3.

total bubble scattering [Fig. 6(a)] and backscattering
[Fig. 6(b)] coefficients estimated with Eq. (6) from in
situ observations (Table 1, columns 13 and 14) and
indicated by numbers corresponding to the serial
number of Table 1 (column 1).

The backscattering coefficient that is due to the
bubble populations from Table 1 range from 0.89—
104% of total particle backscattering for [Chl] = 0.03
mg m ° to 0.17-19% for [Chl] = 1 mg m 3, whereas
for scattering it is approximately 1.5-176% in oligo-
trophic water to 0.17-20% in eutrophic water. The
largest case is from optical bubble measurements in
the clear Tasman Sea.?® Note that the scattering
and backscattering coefficients estimated here for the
bubble population are based on the clean bubbles
only. From Figs. 4(a) and 4(b), we conclude that
organic film absorbed onto bubbles would enhance
the backscattering significantly, whereas it would
change scattering only slightly. It is straightfor-
ward to extend the result to coated bubbles by mul-
tiplying the above estimates by a factor that can be
inferred from Fig. 4(b). For example, the mean ra-
dius of the bubble populations observed in situ is
approximately 50 pum and number density approxi-
mately 10° m 2 [Figs. 6(a) and 6(b), also Table 1].
Given such a bubble population, if the bubbles were
clean they would contribute 16% to the particulate
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backscattering for [Chl] = 0.1 mg m™3; if the bubbles
are coated with 0.1-pm-thick protein film they would
account for 64%. For scattering there is almost no
change with or without organic film for such a bubble
population: The contribution is 28% of total scatter-
ing at the same chlorophyll concentration.

The study by Stramski3? corresponds to point 7 in
both Figs. 6(a) and 6(b); where our estimates are
4.51 X 10~* m ! for backscattering and 3.89 x 102
m~ ! for scattering coefficients, which agrees well
with Stramski’s calculations (b, = 4.525 X 10 *m ™!
and b = 3.785 X 102 m™ ') for high bubble concen-
tration.

Based on the clean bubble case only, it can be seen
that bubble populations play a significant role in
modifying both scattering and backscattering coeffi-
cients if the mean radius is >10 pm and the bubble
number density is >10" m~2 or r > 40 um, if N,
reaches 10” m™ 2, at least for the clear ocean. The
organic film coating will enhance the backscattering
considerably [Fig. 4(b)], and the contribution to the
backscattering process will be highly significant even
for eutrophic waters. The backscattering coefficient
increases approximately three fold when chlorophyll
concentration increases from 0.1 to 1 mg m 3,
whereas the backscattering of bubbles can be easily
doubled or tripled by the coating, which occurs in
seconds.24

D. Missing Terms in the Backscattering Process

Two almost simultaneous studies!?1¢ concluded that
all the effects that are due to phototrophic and het-
erotrophic organisms alone are not able to account for
the observed total backscattering coefficient, and
they argued that the missing terms in the backscat-
tering process are probably attributed to the nonliv-
ing submicrometer detritus and/or viruses, a
suggestion also contained in the early work by Brown
and Gordon'819 and in the more recent study by Ulloa
et al.l” From Fig. 6(b), it is clear that the missing
term could also include air bubbles if they were
present in abundance, and if they had not been ex-
cluded when the in situ optical properties were mea-
sured. This is further exemplified by Fig. 7, where
the total observed scattering and backscattering co-
efficient (solid line, upper and lower boundaries) is
divided into contributions from phototrophic and het-
erotrophic organisms (dashed lines) plus that from
clean bubbles (# = 50 um, N, = 10° and 107). The
calculations of the scattering and backscattering co-
efficients of phototrophic and heterotrophic organ-
isms are the same as that used by Morel and Ahn.5
They assumed that the specific scattering coefficients
for phototrophic organisms are 0.4, 0.2, and 0.1 m?
(mg [Chl]) ! for oligotrophic, mesotrophic, and eutro-
phic situations, respectively, and the backscattering
ratio is 1073, For heterotrophic organisms repre-
sented by bacteria (@, = 0.0886, @,, = 0.001, 5 = 0.24
pm?), flagellate (@, = 2.15, @,, = 0.0006, 5 = 9.08
pm?), and ciliates (Q, = 1.85, @,, = 0.0011, 5 = 143
pm?), they assumed the ratio of number density
among bacteria, flagellate, and ciliates is 1:103:10°,
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Fig. 7. Cumulative contributions (symbols) of bubbles and micro-
organisms (dashed lines) compared with in situ observed (a) scat-
tering and (b) backscattering coefficients, represented by two solid
lines corresponding to upper and lower boundaries of Egs. (9) and
(10), respectively. The bubbles are assumed to be clean, and their
number density varies from 10° m™2 (*) to 10" m™2 (O). The
backscattering that is due to micro-organisms alone could not ac-
count for the in situ measurements of backscattering.

and the number of bacteria depends on the chlorophyll
a concentration through N, (bacteria) = 0.91 X 10 x
[Ch1]°?2,

By adding the scattering that is due to the resident
clean bubble population, the large gap between val-
ues observed and estimated when taking into account
only planktonic organisms can be filled, at least for
the lower boundary. It is noted, however, that with
N, = 10" m 3, the reconstructed scattering [Fig. 7(a)]
and backscattering coefficients [Fig. 7(b)] are even
higher than that found in oligotrophic water ((Chl] =
0.01-0.1 mg m3).

It is curious that the empirical relationship given
in Eq. (10) is evidently valid, given the low direct
contribution to total backscattering by planktonic or-
ganisms. Although no relationship has ever been
established between the number density of bubble
populations and trophic state of the water where they
are present, Thorpe et al.6° found that the presence of
particulates may enhance the number of smaller bub-
bles by their capture on the surface of the bubble and
hence affect gas transfer and the rise speed. This is
likely to be a significant factor in coastal waters and
perhaps in the open ocean during bloom conditions.
Their study suggested that there might be a connec-
tion between bubble density and the trophic state.
Furthermore, oxygen evolved during photosynthesis
might increase bubble densities. It is interesting to
speculate that these connections may be responsible,
albeit indirectly, for Eq. (9), and the subsequent de-
velopment of semiempirical ocean color models.
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m~3, The filled symbols correspond to the case in which the clean
bubbles are replaced by dirty bubbles, which are assumed to in-

crease the backscattering two fold according to Fig. 4.

As described above, previous studies!®16 indicate
that micro-organisms contribute little to particulate
backscattering, but dominate the total scattering co-
efficient in the ocean. In the next analysis, we try to
reconstruct the observed backscattering coefficient by
including the bubble effect alone and simultaneously
constrain the cumulative scattering coefficient within
the observed range. The number density of the
clean bubble population thus needed would be 0.6—
1 X 108 for oligotrophic, 2-5 X 106 for mesotrophic,
and 6-12 X 10° for eutrophic water. Such a case is
shown in Fig. 8 [(a) for scattering coefficient and (b)
for backscattering coefficient] with N, = 10°, 3 x 10°
and 8 X 10° for oligotrophic, mesotrophic, and eutro-
phic waters, respectively. From Table 1, it is appar-
ent that these numbers are realistic, suggesting
again that the contribution of bubble populations to
backscattering, and hence remote-sensing reflectance
[Eq. (1)], is significant. The large gap in the back-
scattering coefficient between the observed values
and the estimated values that are due to micro-
organisms can be filled by including contributions by
bubbles while the summed scattering coefficient is
consistent with in situ determinations. However,

the recomposed backscattering coefficient based on
clean bubbles covers only the lower boundary of ob-
served backscattering values. Stramski and Kiefer16
postulated that the missing term might be soft submi-
crometer detrital particles that that backscatter
heavily but scatter considerably less. In reference to
Table 2 and Fig. 4, we can argue that coated bubbles
also have this property, a much enhanced backscatter-
ing efficiency with little change in the total scattering
relative to clean bubbles. This effect is shown in Fig.
8 by solid symbols.

We conclude that the large missing terms in recon-
structing the backscattering process can be easily
explained by including a coated bubble population
alone.

E. Influence on Remote Sensing

If bubbles persist in the ocean as described above,
they contribute to the backscattering process and to
in situ observations of the backscattering coefficients.
These observations, which have been used empirically
to establish the relationship between scattering and
chlorophyll concentrations [Chl a] [Egs. (9) and (10)],
have already included any contribution by bubble pop-
ulations, albeit implicitly (under the assumption that
bubbles are still there when the measurements were
being performed). The optical and biological proper-
ties that are derived with remote-sensing reflectance
R [Eq. (1)] therefore are not influenced by the pres-
ence of these background bubble populations, be-
cause they are already accounted for at least for light
to moderate wind conditions. However, a sudden
injection of bubbles by, say, storm or ship wake, will
influence the diffuse reflectance R by its enhanced
backscattering.

Figure 9(a) shows the ratio of the enhanced diffuse
reflectance R? caused by injection of bubbles with a
density of 10° and 107 m 3, respectively, and with a
mean radius of 50 pm to the normal diffuse reflec-
tance R as a function of [Chl a]. The upper three
curves are for bubbles with a number density of 107
m 2, and 10° m 2 for the lower three. It is assumed
that the bubbles are clean. For the coated bubble,
the enhancement will be more significant according
to Fig. 4(b). In general, the ratio RZ/R decreases as
chlorophyll concentration increases because of an in-
crease in scattering that is due to enhanced particu-
late content, and for a given [Chl «a], the ratio
increases with wavelength because the b, for both
clean and dirty bubbles are spectrally flaté! whereas
the b, for ocean water decreases with wavelength
[Eq. (10)]. Also because of this, injection of bubbles
makes the ocean appear greener than before.

The change in color will further influence the opti-
cal and biological properties derived by use of the
ratio of R at two wavelengths. Let OC denote the
ratio of R at wavelengths 440 and 550 nm [OC =
R(440 nm/R(550 nm)]. Figure 9(b) shows the vari-
ation of OC after the bubble injection relative to that
before the bubble injection. The upper two curves
are for bubbles with a number density of 10 m ™2, and
107 m 2 for the lower two. The coated bubbles are
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Fig. 9. (a) Ratio of enhanced diffuse reflectance RZ that is due to

clean bubble injection to the normal reflectance R as a function of
[Chl] for various wavelengths. The upper three curves are esti-
mates obtained with clean bubbles having a number density of 107
m ™2, whereas the lower three use 106 m~2. (b) The variation of
OCE after the bubble injection relative to OC before the bubble
injection as a function of [Chl] for clean and coated bubbles (protein
film of 0.1 pm). The upper two curves are for injected bubbles
with a number density of 106 m~3, and the lower two use 10" m 3.

assumed to be coated with protein film of 0.1 wm.
The color ratio decreases because of the bubble injec-
tion, and the change is more severe in open ocean
than in coastal water.

The bubbles therefore influence the remote-sensing
retrieval in two aspects. First, by overall increases
in the backscattering at all wavelengths, the assump-
tion of negligible reflectance in the red (or near IR)
that is used by the ocean color atmospheric correction
algorithm would be invalid. The water-leaving ra-
diance or the remote-sensing reflectance in the
shorter wavelengths would be underestimated if no
corrections were to be made for the enhanced back-
scattering in the red or near IR that is due to bubbles.
Second, the change in color translates into an error in
the estimated remote-sensing products, for example,
the chlorophyll concentration in open ocean will be
overestimated from 10% for clean bubbles and N, =
10° m ™2 to a factor of 2 for coated bubbles and N, =
107 m ™2 according to Fig. 9(b). This is higher than
the error budget (30%) for chlorophyll concentration
derived from the SeaWIF'S project.62

4. Conclusions

We applied Mie theory to estimate the optical effi-
ciency factors for both clean and organic film-coated
bubbles in the ocean and to study the effect of thick-
ness and composition of this film coating on the light-
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scattering capability. Based on published in situ
observations of bubbles in ocean water, a generalized
bubble size distribution was proposed. By use of
this generalized bubble size distribution, the optical
properties, i.e., scattering and backscattering coeffi-
cients, of bubble populations were calculated and
compared with the optical properties of natural par-
ticles as well as with the integrated observed scatter-
ing coefficients.

In the visible domain, there is no significant differ-
ence in total scattering between clean bubbles and
bubbles coated with organic film (dirty bubbles).
Bubbles coated with an organic film exhibit an en-
hanced backscattering efficiency that is due to coat-
ing. The enhancements, generally, are directly
proportional to both the refractive index and the
thickness of the film. For a bubble population with
a mean radius greater than 1 pwm, the backscattering
efficiency can be enhanced by a factor of 4 because of
organic coating of thickness of approximately 0.1 pm.
The absorption (if any) that is due to the organic film
on the surface of bubbles reduces both scattering and
backscattering; however, this effect is negligible.

Given the bubble number density (from ~10° to
~107) that has typically been reported from measure-
ments in the sea, the bubble population significantly
influences the scattering process in the ocean, espe-
cially in oligotrophic waters. For the average bubble
size distributions that have been reported (N, = 10°
m 2 and 7 = 50 wum) and for [Chl] = 0.1 mg m 3,
bubbles contribute 14—-42% of total scattering.

By virtue of the refringent characteristics (m =
0.75), bubbles have a backscattering efficiency at
least 1 order of magnitude higher than backscatter-
ing efficiencies reported for planktonic organisms
(Table 2). The contribution of a bubble population
(No = 10°m ™2 and 7 = 50 um) to the backscattering
coefficient at [Chl] = 0.1 mg m ™ is 8—24% for clean
bubbles and 30—100% for dirty bubbles with protein
film of 0.1 pm thick. Thus backscattering from bub-
ble populations is likely to be one of the missing terms
in constructing the observed total backscattering co-
efficient in the sea. Obviously, this contribution to
backscattering by bubbles is strongly enhanced if the
bubbles are coated with organic film.

Through enhanced backscattering over the whole
visible domain, the bubbles will influence the remote
sensing of ocean color in (1) atmospheric correction
and (2) optical and biological properties derived with
color ratios. For high bubble concentrations, the as-
sumption that there is negligible reflectance in red
and near IR will be invalid. The ocean color tends to
be greener because of bubbles, and the chlorophyll
concentration would, therefore, be overestimated.

In conclusion, bubbles are strong scatterers and
backscatterers whose influence on ocean optics and
remote sensing has long been neglected. Caution
should therefore be taken when trying to interpret
the remote-sensing reflectance (~b,/a) and in the
decomposition of the total scattering or backscatter-
ing coefficient into constituent contributions. On
the other hand, more intensive and extensive efforts



should be directed to a better understanding of the
expected variability in the bubble size distribution
and its possible relationship with the trophic state.
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